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a b s t r a c t
The purpose of this work was to develop a modiﬁed release system for the herbicide ametryn by encap-
sulating the active substance in biodegradable polymer microparticles produced using the polymers
poly(hydroxybutyrate) (PHB) or poly(hydroxybutyrate-valerate) (PHBV), in order to both improve the
herbicidal action and reduce environmental toxicity. PHB or PHBV microparticles containing ametryn
were prepared and the efﬁciencies of herbicide association and loading were evaluated, presenting simi-
lar values of approximately 40%. The microparticles were characterized by scanning electron microscopy
(SEM), which showed that the average sizes of the PHB and PHBV microparticles were 5.92±0.74m
and 5.63±0.68m, respectively. The ametryn release proﬁle was modiﬁed when it was encapsulated
in the microparticles, with slower and more sustained release compared to the release proﬁle of pureolymer microparticles
nvironmental chemistry
ametryn. When ametryn was associated with the PHB and PHBV microparticles, the amount of herbicide
released in the same period of time was signiﬁcantly reduced, declining to 75% and 87%, respectively.
For both types of microparticle (PHB and PHBV) the release of ametryn was by diffusion processes due
to anomalous transport (governed by diffusion and relaxation of the polymer chains), which did not fol-
low Fick’s laws of diffusion. The results presented in this paper are promising, in view of the successful
encapsulation of ametryn in PHB or PHBV polymer microparticles, and indications that this system may
ausehelp reduce the impacts c
. Introduction
Herbicides are molecules used worldwide for weed control.
owever, these compounds and their degradation products show
arying degrees of persistence and mobility in the environment,
nd canhave toxic, carcinogenic,mutagenic and teratogenic poten-
ials, as well as effects on the endocrine systems of non-target
rganisms, including humans [1]. To mitigate the toxicity of these
ompounds in the environment, new and improved controlled
elease systems are emerging that aim to increase the effective-
ess of herbicides while minimizing their environmental impacts
nd aiding sustainable development.
∗ Corresponding author at: Department of Environmental Engineering, UNESP –
niv Estadual Paulista, Avenida Três de Marc¸o, n◦ 511, CEP 18087-180 Sorocaba, SP,
razil. Tel.: +55 15 3238 3415; fax: +55 15 3228 2842.
E-mail address: leonardo@sorocaba.unesp.br (L.F. Fraceto).
304-3894 © 2010 Elsevier B.V. 
oi:10.1016/j.jhazmat.2010.12.044
Open access under the Elsevier OA license.d by the herbicide, making it an environmentally safer alternative.
© 2010 Elsevier B.V. 
Controlled release systems have also been applied extensively
in the food and pharmaceutical industries for the release of active
substances such as nutrients, drugs and aromas [2–7].
In this context, polymermicro- andnanoparticles have emerged
among the new technologies under study as potential alternatives
for the development of release systems in agribusiness. Polymer
micro- and nanostructured systems can act as transport media
for bioactive substances, and are able to alter the physicochem-
ical properties of the substances they incorporate. In the case of
herbicides, these systems can offer the following advantages: (a)
reduction of the amount of chemical substance required for weed
control; (b) diminished risk of environmental contamination; (c)
reduction of energy consumption, since fewer applications are
needed compared to conventional formulations; and (d) increased
Open access under the Elsevier OA license.safety of the individuals who apply the product in the ﬁeld.
The literature offers a wide range of release systems applica-
ble to the bioactive compounds of interest in agriculture [3,7–11].
These include materials composed of silica [12], clays such as ben-
tonites [13] and sepiolite [14], polymers such as alginate [15] and
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ignin [16], and synthetic polymers such as polyhydroxyalkanoates
PHAs) [17], including polyhydroxybutyrate (PHB) and its copoly-
er hydroxyvalerate (PHBV), which are the most widely used PHA
olymers [18]. The advantage of using polymers such as PHB and
HBV is that they are completely biodegradable, inexpensive, easily
roduced by the fermentation of a variety of bacteria and degrade
uring natural biological processes, making them important for
he production of release systems for bioactive materials [19,20].
hese polymers are isostatic andhighly crystalline (55–80%),which
ecreases the speed of degradation in comparison to lactic (PLA)
nd glycolic (PGA) homo- and copolymers [21].
Ametryn is an herbicide of the s-triazine family,whose chemical
tructure presents an aromatic hexamer ring and which is widely
sed in the pre- and post-emergence control of broadleaf weeds
nd annual grasses [22]. This type of compound acts by inhibit-
ng photosynthesis, particularly at the photosystem II level, leading
o the blockage of electronic transport. Plants that are sensitive to
hese herbicides undergo chlorosis (leaf yellowing) followed by tis-
ue necrosis [23]. Prolonged exposure of humans to ametryn can
ause intoxication and contact dermatitis.
The aim of this work was to develop (involving preparation,
haracterization and evaluation of the release proﬁle) a release sys-
em for the herbicide ametryn, using microparticles produced with
wo different polymers, PHB and PHBV, since these polymers are
iodegradable and their degradation products are nontoxic to the
nvironment [24]. The purpose of encapsulating ametryn in PHB
r PHBV microparticles was to produce a modiﬁed release system
hat could enable the herbicide to be used more safely in agricul-
ure, minimizing its environmental impact. The importance of the
resent work lies in the fact that the new formulations are not only
afer in environmental terms, but also safer for the individuals who
pply the product in the ﬁeld, since smaller quantities of herbicide
an be used. This is due to themodiﬁed release process, whichmin-
mizes possible environmental contamination while at the same
ime improving herbicidal activity.
. Experimental
.1. Materials
Ametryn (PESTANAL®), poly(3-hydroxybutyrate)
PHB, MW=312,000g/mol), poly(3-hydroxybutyrate-co-
ydroxyvalerate) (PHBV, MW=238,000g/mol) and polyvinyl
lcohol (PVA) were purchased from Sigma Chemical Co. The
olvents employed for the chromatographic analysis were ace-
onitrile, HPLC grade methanol (JT Baker) and Milli-Q water.
he solutions were ﬁltered through 0.22m nylon membranes
Millipore®, Belford, USA).
.2. Methodology
.2.1. Preparation of polymer microparticles containing ametryn
Microparticles consisting of the PHB or PHBV polymers were
repared by forming an oil-in-water emulsion using the emul-
ion/solvent evaporation method [25,26]. 100mg of polymer (PHB
r PHBV) and 10mg of herbicide were dissolved in 10mL of chlo-
oform at 50 ◦C to produce the organic phase. The aqueous phase
200mL) was prepared at 50 ◦C using 0.5% (m/v) of polyvinyl
lcohol. The organic phase was then transferred to the aqueous
hase (at 50 ◦C), under magnetic stirring (1000 rpm, 15min) [26].
fter this step, the chloroform was evaporated from the emul-
ion under reduced pressure, at 50 ◦C, using a rotary evaporation
ystem. The resulting microparticle suspension, containing a ﬁnal
erbicide concentration of 50mg/L, was stored in an amber jar to
revent photodegradation of the herbicide. Microparticles wereaterials 186 (2011) 1645–1651
prepared without ametryn for use as controls, using the same
method described above.
2.2.2. Evaluation of encapsulation efﬁciency and herbicide
loading
PHB or PHBV microparticles containing herbicide (10mg) were
dissolved in 50mL of methanol, and the percentage of ametryn
encapsulated in the microparticles was determined by the HPLC
ultraﬁltration/centrifugation method [27,28].
The microparticle samples containing ametryn were cen-
trifuged in ultraﬁltration ﬁlters composed of regenerated cellulose
with30kDamolecular size-exclusionpores (Microcon,Millipore®),
and theﬁltratewas analyzedusing a high-performance liquid chro-
matograph (HPLC, Varian® ProStar) coupled to a pump (PS 210),
UV–vis detector (PS 325),Metatherm® furnace and autoinjector (PS
410). The chromatograms were processed using Galaxy Worksta-
tion software. The concentration of ametryn was calculated using a
calibration curve. Speciﬁcitywas tested in the presence of the com-
ponents of the colloidal suspension, and it was found that these
factors did not affect the quantiﬁcation of ametryn.
The association rate of ametryn was determined from the dif-
ference between the concentration of the herbicide measured in
the ﬁltrate and its total concentration (100%) in the microparticle
suspension.
The chromatographic conditions employed for the quantiﬁca-
tion were: mobile phase composed of acetonitrile/water (70:30,
v/v), at a ﬂow rate of 1.4mLmin−1, and a Phenomenex Gem-
ini chromatographic column (C18 reversed phase, 5 110A,
150mm×4.6mm). Ametryn was detected at a wavelength of
260nm, using an ultraviolet (UV) detector. The injection volume
was 100L, and all samples injected were previously ﬁltered
through a 0.22M polyethersulfone membrane (Millipore®). Total
ametryn (100%) in the microparticle suspension was determined
after diluting the suspension in acetonitrile. Methanol was used
to dissolve the polymer, completely releasing the ametryn, which
was quantiﬁed using the calibration curve. Measurements were
performed in triplicate for each batch.
The encapsulation efﬁciency (EE, %) was expressed as the ratio
between the amount of herbicide encapsulated by the microparti-
cles and the total (100%) amount of herbicide, as described by Eq.
(1) [9].
EE (%) = Ws
Wtotal
× 100% (1)
where Ws is the weight of ametryn in the microspheres, and Wtotal
is the weight of ametryn used in the formulation.
The herbicide loading (HL, %) was determined by mixing 4mg of
drymicroparticleswith4mLofmethanol, andagitating the suspen-
sion for 4h, until the particles had fully degraded and the ametryn
had been released [7,9] HLwas then calculated as the ratio between
the amount of herbicide encapsulatedby themicroparticles and the
ﬁnal weight of the microparticles (Eq. (2)).
HL (%) = Ws
WP+S
× 100% (2)
whereWs is theweight of ametryn quantiﬁed in themicroparticles,
and WP+S is the ﬁnal weight of the microparticles (poly-
mer + ametryn).
2.2.3. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM, JSM-6700F, JEOL, Japan)was employed to evaluate the size distribution and surface mor-
phology of the PHB and PHBV microparticles, with and without
herbicide. The suspensions were ﬁltered to collect the microparti-
cles (withorwithoutametryn),whichwere thenwashed indistilled
water (150mL). The solids were dried overnight with Na2SO4 in a
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esiccator. The solid samples of microparticles were then attached
o metal holders (stubs) using double-sided tape, and coated with
layer of gold for 150 s, using a current of 25mA. After coating,
he stubs with the samples were placed in the scanning electron
icroscope for analysis and imaging (electromicrography).
.2.3.1. Size distribution. The SEMmicrographswere used to deter-
ine the diameters and size distribution proﬁles of the PHB and
HBV microparticles, with and without herbicide. Microparticle
izewasmeasuredusing the ImageJ 1.42 softwareprogram, and the
ize distributions employed OriginPro 7.0 software. At least 1000
pheres of each sample were used to determine the size distribu-
ion.
.2.4. Study of ametryn release from the microparticles
Theproﬁleof ametryn release fromthePHB (or PHBV)micropar-
icles was determined based on in vitro release assays, using a
ual-compartment system to observe the release proﬁles of the
ree herbicide alone and of the herbicide encapsulated in the
icroparticles. In this system, which was maintained under slight
haking at ambient temperature, a cellulose membrane (Spectra-
ore,withmolecular exclusion pore size of 1000Da)was employed
o separate the donor compartment (containing 4mL of herbicide
olution or microparticle suspension) from the acceptor compart-
ent (containing 50mL of deionized water) [29]. The pore size
f the membrane in this system did not permit the passage of
icroparticles, while the free herbicide could pass unimpeded
hrough the membrane.
The samples were collected in the acceptor compartment as a
unction of time, and analyzed by HPLC at a wavelength of 260nm
at 15min intervals during the ﬁrst hour, 30min intervals during
he second hour, and at hourly intervals thereafter until the peak
rea stabilized). The area values were converted into the amount
%) of herbicide released as a function of time [30]. All the mea-
urements were made in triplicate, and followed the dissolution
ink condition [31].
.2.4.1. Release efﬁciency (RE). The release efﬁciency (RE, %), ﬁrst
uggested by Khan and Rhodes [32], is a useful parameter that
an provide information on the release kinetics. This term can be
eﬁned as the area under the release curve in a given time interval,
nd allows different formulations containing the same active sub-
tance to be compared. The release efﬁciency was calculated based
n the values obtained from the area under the curve (AUC) of the
erbicide release proﬁle (for the free herbicide or the herbicide in
he microparticle suspensions) at time intervals (t) ranging from
ero to 4.3 days. This calculated value was then divided by the area
bove the theoretical curve of a rectangle, assuming a release of
00% between times zero and 4.3 days (AUC 100%) [32]. The RE was
xpressed in percentage terms, and can be deﬁned by Equation 3.
E (%) = AUC(zero − 4.3)
AUC(100%)
× 100% (3)
.2.4.2. Mathematical modeling of ametryn release. The release pro-
les of bioactive compounds in microparticle polymer systems can
e modeled mathematically in order to obtain information con-
erning the release mechanism. The model described by Peppas is
ble to predict release mechanisms based on processes governed
y Fick’s laws of diffusion, non-Fickian processes and Case II diffu-
ion [33,34]. Using this model, it is possible to calculate the release
onstant (k) of thepolymer-active compound system, and thediffu-
ion exponent (n) characteristic of the release mechanism. A value
f n=0.5 is expected for Fickian diffusion, while values of n=1.0
nd 0.5 <n<1.0 are expected for Case II diffusion and non-Fickian
iffusion, respectively [33–39]. The model proposed by Korsmeyeraterials 186 (2011) 1645–1651 1647
and Peppas [40] was applied to the release curves in order to char-
acterize the mechanism of release of the herbicide encapsulated in
the PHB and PHBV microparticles. These curves can explain how
the molecules are released from polymer matrix systems, enabling
determination of the values of k, n and the linear correlation coef-
ﬁcient [35–39].
3. Results and discussion
3.1. Characterization of the microparticles containing ametryn
herbicide
In earlierwork,weused a 24-1 fractional factorial design to iden-
tify the optimumconditions for encapsulation of ametryn (data not
shown). The inﬂuence of four variables, at two levels, was exam-
ined in order to obtain formulations with optimized association
efﬁciencies. It was observed that there was a greater dependence
of association efﬁciency on PVA concentration (negative) and the
mass of polymer (positive), with lesser inﬂuence of both stirring
speed and organic phase volume. The present work was performed
using the microparticle formulations containing ametryn that had
been previously optimized using the experimental design proce-
dure.
The PHB and PHBV polymer microparticles containing ametryn
were prepared, and the efﬁciency of association of the herbicide
was evaluated by the method proposed by Schaffazick [27]. The
encapsulation efﬁciencies (EE, %) of the PHB:AMT and PHBV:AMT
microparticles were 34.3% and 38.2%, respectively. The herbicide
loadings were 13.2% and 11.1% for the PHB and PHBV micropar-
ticles, respectively. These values are similar to those reported in
the literature for formulations involving the association of other
compoundswithmicroparticles prepared using the samepolymers
[7,9,41–43].
Bazzo et al. [41] studied the use of PHB microparticles con-
taining chitosan with two bioactive compounds, and found similar
encapsulation efﬁciency values. Sendil et al. [42] found associa-
tion efﬁciency values of 30% for PHBV microparticles containing
tetracycline, while Grillo et al. [43] showed that the encapsula-
tion efﬁciency of the herbicide atrazine in PHBV microparticles
was higher than 30%. The low efﬁciency of encapsulation of bioac-
tive substances in some microparticles could be related to the use
of high concentrations of emulsiﬁers, as is the case for the PHB
and PHBV microparticles, where poly-vinyl alcohol (PVA) is used
in the preparation procedure. The emulsiﬁer increases the solubil-
ity of the herbicide in the aqueous phase, and therefore reduces
the association of the compound [44–47]. This could be useful in
agricultural practices, since a controlled release system in which
only 30% of the herbicide is incorporated within a carrier enables
the fraction of the active compound that is not associated with the
microparticles to be immediately released at the application site,
where it acts rapidly, while the remaining fraction is progressively
released with time.
Scanning electron microscopy (SEM) was used to examine the
inﬂuence of the encapsulation of ametryn on physical and mor-
phological characteristics of the microparticles. Fig. 1 presents
micrographs obtained for the PHB and PHBV microparticles con-
taining ametryn.
Both PHB and PHBV microparticles were spherical, although
their surface aspects differed. The PHB microparticles presented a
smooth surfacewith a few surface pores,while the PHBVmicropar-
ticles were rough with numerous surface pores. Morphological
analysis of the surface of themicroparticles is very important, since
knowledge of the surface characteristics can help shed light on
the mechanism of release of the herbicide associated with them.
In other words, the larger the number of pores, the greater the
probability of the solvent coming into contact with the interior
1648 R. Grillo et al. / Journal of Hazardous Materials 186 (2011) 1645–1651
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t
i
iFig. 1. Images of the polymer n
f the particle, aiding the release of the herbicide molecules [39].
rillo et al. [43] showed that PHBV microparticles, prepared using
he same methodology as that used in the present study, exhib-
ted roughness and high porosity, and that these features were
mportant for the release mechanism of the herbicide atrazine.
Fig. 2. SEM micrographs (10kV, bar =10m) and microrticles: (a) PHB, and (b) PHBV.
The SEMmicrographswere analyzed to determine and compare
the size distribution proﬁles of the different polymer microparti-
cles. Fig. 2 shows representative images used for determining the
size distribution, and graphs of the size distributions of the PHB and
PHBV microparticles without herbicide.
particle size distribution: (a) PHB, and (b) PHBV.
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microparticles, the amount of herbicide released in the sameperiod
of time declined signiﬁcantly, to 75% and 87%, respectively. This
modiﬁcation of the release behavior of pesticides after association
with microstructured polymer systems has been widely reported
for other bioactive compounds [11,42,43,48–51].Fig. 3. Size distribution of PHB and PHBV micropar
From Fig. 2, the PHB and PHBV microparticles (without her-
icide) presented size distributions in the ranges 1–10m and
–12m, respectively. The average sizes of the PHB and PHBV
icroparticles were 5.92±0.74m and 5.63±0.68m, respec-
ively, indicating that there were no signiﬁcant differences in size
using the unpaired t-test, p<0.05). These data demonstrate that
lthough the surfaces of the particles displayed distinct character-
stics, they possessed similar size distributions.
The same size distribution analysis was performed for the PHB
nd PHBV microparticles containing ametryn (Fig. 3).
As can be seen in Fig. 3, both types of microparticle (PHB
nd PHBV) showed an increase in size, with distributions in the
anges 3–21m and 6–35m for the PHB:AMT and PHBV:AMT
icroparticles, respectively. Similar size rangeshavebeen reported
n the literature for microparticles produced with the same poly-
ers but containing other bioactive substances [41,43]. The mean
izes of the PHB and PHBV microparticles containing ametryn
ere 10.6±0.43m and 20.5±0.93m, respectively. These dif-
erences in microparticle size were due to the encapsulation of the
erbicide in the microparticles, as described in the literature for
ther molecules [41,43]. Suave et al. [48] investigated the size and
orphology of microparticles of poly(3-hydroxybutyrate)/poly(e-
aprolactone) containing malathion, and also observed alteration
f the size of the microparticles when they were associated with
he pesticide.
The surface morphology of the particles was not affected by
he presence of ametryn, with the PHB microparticles remaining
mooth and the PHBV microparticles remaining rough (data not
hown).
.2. Release kinetics of ametryn from microparticles
The release assays provided the release proﬁles of ametryn,
ither free or encapsulated in the PHB and PHBV microparticles,
s a function of time (Fig. 4). In this assay, the herbicide passes
hrough the pores of the membrane while the microparticles do
ot, hence allowing observation of the effect of the association
f the herbicide on its speed of release from the polymer matrix
f the microspheres. During the assay, aliquots were collected at
reestablished times and the herbicide was quantiﬁed by HPLC.
he results were expressed in terms of the percentage release.
Fig. 4 illustrates the release proﬁles of ametryn encapsulated in
HB and PHBV microparticles as a function of time (up to approx-containing ametryn: (a) PHB/AMT, (b) PHBV/AMT.
imately 4.5 days), at ambient temperature. It should be noted that
in the tests using microparticles containing herbicide, a fraction
of non-encapsulated herbicide was present in the donor com-
partment (only about 40% of the herbicide was incorporated into
the particles). This means that the effect of the encapsulation of
this herbicide in the microspheres was not as marked as that
described by several previous authors [11,49,50], whose studies
involved release tests usingmicroparticles resuspended in anaque-
ous medium (possibly also containing some co-solubilizer). In our
release tests, we aimed to evaluate the release proﬁle of the col-
loidal suspension prepared without processing by ﬁltration and
drying of the spheres, which would undoubtedly have resulted in
much longer release times comparable with the previous reports
[11,49,50].
Analysis of the release kinetics curves indicated that free
ametryn was released much more rapidly than when it was
encapsulated in the microparticles, with nearly 100% release after
1.2 days. In contrast, when associated with the PHB and PHBVFig. 4. Results of in vitro release assays, comparing the kinetic proﬁles of pure AMT
and AMT encapsulated in PHB and PHBV microparticles at ambient temperature
(n=3).
1650 R. Grillo et al. / Journal of Hazardous M
Table 1
Release constants (k), correlation coefﬁcient (r) and diffusion exponent (n) obtained
by adjusting the curves of the release kinetics of the herbicides encapsulated in the
polymers.
Parameters PHB:AMT PHBV:AMT
r
t
u
w
t
m
s
r
b
t
i
r
i
d
l
e
t
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c
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p
w
c
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i
c
i
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F
uRelease constant (k) 0.64min−1 1.00min−1
Diffusion exponent n=0.83 n=0.90
Correlation coefﬁcient r=0.996 r=0.997
To better quantify the differences in the release proﬁles, the
elease efﬁciencies (RE %) were calculated from the areas under
he herbicide release proﬁle curves, for a given time interval (t),
sing the method described in the literature [32]. The RE values
ere 73.9% and 84.6% for the PHB and PHBVmicroparticles, respec-
ively, indicating that ametryn was released faster from the PHBV
icroparticles.
The difference observed between the release proﬁles of encap-
ulatedametrynwasunlikely tohavebeendue to theencapsulation
ates,whichwere similar for both polymers, but could be explained
y the structural characteristics of the microparticles. The associa-
ion of PHB with hydroxyvalerate (HV) causes a plastiﬁcation effect
n the microparticles, increasing the polymer’s free volume and
educing its crystallinity. The advantage of polymer plastiﬁcation
s that it increases the speed of release of the associated compound,
ue to lower resistance to diffusion inside the microparticle. Simi-
ar studies conducted by Gangrade and Price [52] on progesterone
ncapsulation in PHB and PHBV (9–24% of HV) also concluded that
he higher the HV content the lower the polymer’s crystallinity,
ue to the break in interchain regularity, rendering the particle
ore porous and increasing the speed of release of the active prin-
iple. Moreover, PHB has a lower speed of degradation by in vivo
ydrolysis than PLA and PHBV, which degrade more easily [19].
Another factor that could inﬂuence the release proﬁle is the
resence of crystals in solution, which might occur if the herbicide
as not fully dissolved during the preparation of the microparti-
les, and which could inﬂuence the release kinetics. However, the
resence of herbicide crystalswas not detected in themicrographs.
The herbicide release proﬁle curves were analyzed to obtain
nformationon thepossiblemechanismsgoverning the releasepro-
ess [53]. The release of a compoundassociatedwithmicroparticles
nvolves several mechanisms, including desorption from the sur-
ace of the polymermatrix, diffusion of the active principle through
he pores of the polymermatrix or the polymerwall, disintegration
f themicroparticles and subsequent release of the active principle,
nd dissolution and erosion of the polymer matrix or wall [27,53].
ig. 5. Results of the analyses of PHB and PHBV microparticles containing ametryn,
sing the mathematical model of Peppas.aterials 186 (2011) 1645–1651
Several mathematical models are used extensively to analyze
the characteristics of release of active substances from polymer
systems [39]. The results obtained from the in vitro release assay
(Fig. 4) were analyzed by the model described by Peppas [33–39].
Table 1 and Fig. 5 present the values obtained for k, n and the cor-
relation coefﬁcient, for ametryn release from the PHB and PHBV
microparticles.
The Peppas model, which is based on a semi-empirical equation
[40], is frequently employed in the absence of information about
a system’s release mechanism. In the present study, the values
found for the release constant k were 0.64min−1 and 1.00min−1,
respectively, for the PHB:AMT and PHBV:AMT systems, indicating
that ametrynwas releasedmore rapidly from the PHBVmicroparti-
cles. Values of the release coefﬁcient (n) were 0.83 and 0.90 for the
PHB:AMTandPHBV:AMTsystems, respectively. Thesedata indicate
that for both types ofmicroparticle the ametryn releasemechanism
involved diffusion processes due to anomalous transport, not gov-
erned by Fick’s laws of diffusion, but by diffusion and relaxation of
the polymer chains.
4. Conclusions
In this study, the herbicide ametryn was incorporated into
microparticles composed of two polymers, PHB and PHBV, with
encapsulation efﬁciencies of ∼40%. SEM analysis revealed that the
microparticles were spherical but had different surface proper-
ties (smooth or rough with pores). The formulations of PHB and
PHBV microparticles without herbicide showed similar size distri-
butions. However, encapsulation of the herbicide in PHB and PHBV
microparticles increased the size distributions of the microparti-
cles of both polymers. The release proﬁle of ametryn was modiﬁed
by encapsulation in the microparticles, which provided a slower
and more sustained release compared to the release kinetics of the
free herbicide. This is a desirable feature in the use of herbicides,
since it diminishes their impacts on ecosystems, human health and
the environment. Mathematical modeling revealed that the ame-
tryn release mechanism was the same for both types of polymer
microparticle. The new carrier system has the potential to reduce
harmful effects of the herbicide, as well as provide a safer handling
system.
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